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10 an interferometer system of or.c sort 
Interferometers are also now routine. 
_ ^ ; ^ v- ^ - ~ f ^ r t ' ri e measurement of mechanical 
thermal behaviour of materials and components. 

Conventionally, for the most accurate measurement 
—pse interferometer systems are c 



structed from 



ah-cuality optica, elements a 



and include fii 



^-^-i- precise allotment. The need tor high 

<ualitv, crecise components makes interferometer 

nsive and places practical restrictions on 



s v s t e m. s e x p e i 
tne aoerture of the instrument. 



>ically, 



.he 



controls are adjusted to reduce the number o^ 
,-^^ r ^ C e fnnoes formed in the observer's field or 
v ; ew before the test or measurement is performed to a 
tnd ideally zero. Then, an object to be 



minimum, ai 
tested is inserted in one arm 



the i n t e r f e rome ter, 



tne interferometer is perturbed (altered) in sor 

the interferometer was initially set up 
field, tnen all interference 
the test inter fer coram are due to 



; r w a y . 
produce a fringe-fret 



tp conventional interferometer measurement 
lications, a few fringes in the initial (i.e. 

:erecram may oe tolerated, if the 

c e r t u r b a 1 1 o n results in an 
-^-r-. '^a*"^o a larce numoer of fringes 
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— / however, tne :es: veasureoe^i cer:uroa:; 
::sei; cnly :n::::::cec a smell r.umeer of frirees, 
oner, under 1 yir 3 imperfections canr.o: sirr.ply no 



n.eues are known fcr removing the effects or 



e r r 5 1 i c n s in the reference interfere era m 5 c as to 
image from a test component which is free 

by an mperfec: 
optical s y stem. T h e method for a p p 1 y 1 n g the 
10 correction is, however, both elaborate and slow. From 

one or more inter fercgrams of the reference and test 
:bject tne phase distributions are calculated. The 
method typically necessitates the conversion of at 
least three test interference fringe patterns 
15 i inter fe rograms ) and at least three reference 

m te rfer ograms into digital images to facilitate 
processing. Tne three or more reference and test 
inter ferograms are phase stepped (shifted) from each 
other by pre-de termi ned amounts. These phase shifted 
20 patterns are generated sequentially oy the appropriate 

phase shifting of fringes, for example by a 
piezoelectric transducer- (FZT) -driven mirror or 
wavelength modulat 1 on . 

Once the phase distributions (phase maps) have 
25 been calculated an unwrapping procedure is then 

applied to the phase maps. As the test phase maps also 
contain the reference information,, subtraction of the 
reference map from the test map results in the 
presentation of tne test information only. As a 
30 consequence of tne delay, the subtraction is usually 

performed off-line and post-operat ively . in addition, 
the approach may fail because the phase calculation 
and unwrapping procedures will net tolerate 
mterfer ograms with excessive numbers of closely 
35 sea zed fringes or fringes which are contorted. 

It is also .0 n c w n to derive an accurate phase map 
0: tne octical cat n cert creation result! no from a test 
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Accordina to a first asoec 



;ne oresent 



i r. v er.'ior., there is provided a measure m e p. t me t h o d 
comprising the steps of: 

arranging an interferometer to form a first 
interference fringe pattern comprising at least ten 
interference fringes; 

recording an image of said first interference 
fringe pattern; 

perturbing an optical path in the interferometer 
to form a second interference fringe oattern 
comprising at least ten interference fringes; and 

combining an image of said second interference 
fringe pattern with the recorded image of the first 
interference fringe pattern to produce a further image 
comprising a mo ire fringe pattern arising from a 
difference or differences between the first and second 
interference fringe patterns. 

Thus, it is no longer necessary to align the 
interferometer with great precision to produce a 
substantially fringe free reference (i.e. first) 
interference fringe pattern before the test or 
measurement is performed (i.e. before the 
interferometer is o e r t u r b e d / a 1 1 e r e d 

The moire fringe pattern produced by combining 
tne first and second interference fringe patterns is 
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■ tne perturoation itse^t, ana not oy 
"■.corrections and mi sa I icnme n t s of the 
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In :h:b new apprcacr., ill toe errors of a poor 
oaalotv, misaligned system, are assented ana :aen 
eliminated by the correlation process, prooacing a 

— re frir.ee caonern. roe method enables very large 
aceraure cental systems for traditional and 
ro::oee:::o interferometers tc be constructed from 
inexoens i ve and basic components. 

A conventional hign quality optical measurement 
interferometer **il! typically comprise optical 
comoonents having surfaces manufactured tc tolerances 
of oetter tnan X/1C or even A -'100 where X is the 
wavelength of light input to the interferometer. 

With the inventive method, imperfections in 
ooticai components as large as 100a or greater may be 
tolerated . 

The interferometer used in the present invention 
may be an optical interferometer, or alternatively may 
be an interferometer arranged to farm an interference 
oattern from incident electromagnetic radiation having 
different wavelength . 

In a basic form, the method may be implemented by 
recording the first im.age cn, for example, a 
phonographic film. The subsequent interference fringe 
oattern, produced by perturbing the interferometer 
svstem, may then be projected onto the recorded image 
and the resultant moire fringe pattern observed. 

Alternatively, the recorded image may be captured 
by a camera, such as a high resolution electronic 
camera where the image of the interference pattern is 
focusseo onto a CCD (Cnarge Coupled Device) sensing 
e lement . 

Tne images comomed to produce one moire fringe 
oattern may be digital images, facilitating the 



enabling a variety of combination 
emc ioveo , for example subtraction, 

suoer i moos it ion . 



processing and 
procedures to be 
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In. crce: produce moire cringe patierns, each 

~f — *3 first and second interference fringe patterns 
clearly needs to con-prise a number of fringes. Ten :s 
10 a practical lower limit, but better (i.e. more 

detailed moire fringe patterns may be obtained by 
increasing the number of fringes m the first ana 
sec end patterns . 

Advantageously, the method may therefore include 
15 the step- of tilting a reflecting surface of the 

interferometer to increase the number cf interference 
fringes . 

if the components of the interferometer are 
sufficiently irregular, or the alignment is already 

20 sufficiently poor, however, then no further adjustment 

may be needed to provide an interference fringe 
pattern comprising a large number cf fringes. 

Advantageously, the first interference fringe 
pattern may comprise at least fifty, and preferably at 

25 least 100 fringes. 

Preferably, the spatial frequency of the fringes 
m the first (reference) interference pattern should 
be higher than the spatial frequency of fringes that 
would be introduced by the measurement /test 

30 perturbation, were the interferometer set up to 

produce an initial fringe-free field, i.e. the carrier 
fringe spatial frequency should be nigher than the 
spatial frequency tf the phase districuticn to be 
measured . 

35 The numcer of fringes m the first interference 

fringe pattern may be larger than, sma 1 ier-than , or 
the same as tne number i n the seccno cattern. 



u.T.rmurc s t e p mi a y c o m prise o n e or m c r e 
adding, subtracting, filtering, 
;r multiplying the images. 
^- - y tne images of the first and second 
.nge patterns may oe combined by a 
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r. e sec o no 



r r inaes 
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;mcininq a ::rs: imaoe or iOi 



1C fringes with a seconc image of 150 fringes. 

The perturbation to the interferometer system may 
take a number of forms. For example, tne step of 
perturbing may comprise the step of inserting a 
transparent test object rn the optical path (e.g. 

15 i n s e r 1 1 n a the object in one arm of the 

interferometer) . 

The step of perturbing may comprise the 
distortion, rotation, and/or translation of a 
reflecting surface or a transparent object in the 

2 0 optical path . 

The step of perturbing may comprise the step of 
reoiaoing a reference object with a test object, and 
the first interference fringe pattern may have been 
recorded with the reference object m place. 
25 Tne step of perturbing may alternatively, or in 

addition, comprise the step of disturbing a gas and/or 
disturbing the flow of a gas in tne optical path. 

The imaae cf the second interference fringe 
pattern may also be a recorded image, or alternatively 

3 2 mav be a live image cutout by a camera. 

Advantageously one or both of the recorded image 
of the first interference fringe pattern and the image 
of the second interference fringe pattern may be 
imaues selected from a recorded sequence of images of 
3 5 tne interference frmce cattern fcrmed by the 

interferometer . 

r ~ 3 q ^ v tne recordec imaoe of the first 
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;::^::e:e::e frir^e pattern ar.: trie image the 
se:cr.: :;::-:r:e:er.:e fringe pattern may be digital 
im tees . 

Preferably, one s:e: of ccxcitin; includes the 
5 star cf subtracting one cf the digital images from tne 

ether. Anvanta gee as 1 y , with modern image processing 
software, tne subtraction computation is trivial and 
can be performed, and tne result (the furtner image) 
displayed almost continuously in real time. 
10 Tnus r by applying tne principles of moire in 

digital form to mterf eromet ry , optical aberrations 
can ce made inconspicuous anc apart from tne time 
required to perform a simple image subtraction between 
reference and object images, there are no other delays 
15 in presenting the corrected inter fe rogram . In 

addition, tne method can better accommodate gross 
aoerraticns, thus offering the opportunity cf 
constructing systems from me x pensive c o mp o n e n t s of 
poor optical quality. There is no need to align the 
20 interferometer precisely and so an economy can be made 

on the quality of the mechanical adjustments. 
Advantageously, the step cf combining may include the 
step cf converting negative values obtained in the 
subtraction process to positive values. Thus, the 
25 image resulting from the subtraction may be rectified, 

which provides the advantage that the frequency of the 
rectified pattern is double that of the carrier (i.e. 
the spatial frequency of the first interference fringe 
pattern) . This property improves the discrimination of 
30 the moire fringe pattern over the carrier compared 

with alternative processing techniques, such as 
addition where the carrier frequency is preserved. Tne 
furtner image will, cf course, in general include the 
moire fringe pattern and a finer pattern at, or close 
3 5 to, tne carrier free n e n c y . 

Tne me inco may further comprise tne steps of 
arranoino the interferometer to form a third 
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::::er:eren:5 ::;r.^e :r/;:e:r:; 

re:cr::ri: sr. m a g e c: t :\ e ir^er ference 

a r r a n a i ::.e :n:erf er:.T.e.er to form a fourth 
: interference f r:r.:e a a : : e : a ; 

re:;ord;ra aa image af aaa roar ah aaaerference 
fringe pattern, where::; the firs:, third aaa fourth 
interference triage patterns are phase shifted frora 
eaaa other by predetermined amounts; and 
10 combining the amage of the second interference 

fringe pattern with eacn of the recorded images of the 
first, third and fourth interference fringe patterns 
to produce respect:ve sa:d further images; and 

orocessmg the further images to produce a phase 
15 map of the perturbaaacn of the optical path. 

Thus, at least three phase-stepped "reference" 
i n : e r f e r o g r a m s ma y b e generated and recorded, and 
combined with the second interference fringe pattern, 
i.e. the tes: inter: erogram, to produce respective 
2 0 further images . 

The phase shifting or stepping may be achieved by 
conventional means (for example the use of 
piezoelectric transducer-driven mirrors) . 

Advantageously, the image of the second (test) 
25 interference fringe pattern may be an image selected 

frcm a recorded sequence of images of the interference 
pattern formed by the inter ferometer . 

Thus, the changing interference pattern during a 
test may be recorded in real time, and then analysed 
30 at a later time by processing with the at least three 

phase stepped reference images to produce a full phase 
map of the perturbation at any given time in the 
measurement process . 

Advantageously, the images of ooth tne first and 
35 second patterns may be images selected frcm a recorded 

sequent e of images of tne interference pattern formed 
bv the interferometer. Tnus, the resultant moire 
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ec sequence and combined (e.g. 

i a resuliar.t imace 



c . r i ar.ge c c t n e i^:er:er o m e:er ce f : w een tr.e times at 
which the selected images were recorded. 

Images of the interference fringe patterns formed 
by tne interferometer may be captured and output as a 
continuous stream or sequence from an electronic 
camera. Each image may be combined with the stored 
first image to produce a respective further image and 
respective moire fringe pattern which may be displayed 
in real time, e.g. at video rate. 

According to a second aspect of the present 
invention there is provided measurement apparatus 
comprising : 

an interferometer arranged to form interference 
fringe patterns comprising at least ten interference 
fringes ; 

a camera arranged to capture images of the 
interference fringe patterns; 

an image store arranged to store an image of the 
interference fringe pattern captured by the camera at 
a selected time; 

an image processor arranged to combine the stored 
image with an image of the interference fringe pattern 
captured by the camera at a different time to produce 
a further image comprising a moire fringe pattern 
arising from a difference or differences between the 
interference fringe patterns at the selected and said 
different time. 

The inter: eremeter may, for example, be a 
Kicheison interferometer, a Mach-Zehnder 
interferometer ;as sncwn m fie. 1C) or ma v be based 
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10 Additional processing may be performed cr, the 

images, such as filtering or normalisation of 
intensity distributions. Tnis further processing may 
be oerfcrmed on the images before, during, or after 
their combination to oroduce the further image 
15 including a moire fringe pattern. 

Tne further image or images may also be 
processed, for example by filtering to remove the 
underlving carrier fringe pattern and so leave only 
the moire fringe pattern. 
20 The image processor may be arranged to produce 

the further image ty a process including the 
conversion of negative values obtained in the 
subtraction process to positive values, i.e. the 
processor may be arranged to rectify the intensity 
25 distribution calculated by subtraction. 

The interferometer may include means for phase 
shifting tne interference fringe patterns by 
^redetermined amounts, the image store may be arranged 
to store images of tne interference fringe patterns 
30 captured by the camera at at least three different 

selected times, tne image processor may be arranged to 
combine each stored image with the image captured at a 
different time to oroduce a respective further image 
comer is mo a resceetive moire fringe pattern, and the 
35 image c r o cesser ma'/ be further arranged to process the 

crccuee a chase map. This phase map 
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ir.~erfercrr.e~er between tee cifferenr rime and :ne tire 
r r raprure :: tne cf the s t c r e d mages. 

Tee carr.era rray be arranged to cancer, a continuous 
sequer.ee of car cured i rr s c e s cf the interference frrnqe 
5 paroern, =no the mace prccessor rray be arranged tc 

combine tne cr one cf tne stored enrages with earn ;ce 
~ r ~ ^ — sequence cf captured images and to produce a 
respective further image, wnion may be stored. The 
apparatus mar* further srmprise a display for 

i° displaying the sequence of further images, and each 

further mace may be displayed substantially as soon 

it is produced. The sequence of further images may 
be cisplayeri anc/or stored at the same rate as the 
capture of images by tne camera. 

15 Tne measurement apparatus may further comprise an 

mage recorder for recording the images captured by 
tne camera, and an image selector for selecting one of 
the recorded images to be used as the stored image or 
the image to ce combined vith the stored image. 

20 Alternatively, both images may have been selected from 

a sequence of recorded images. 

The camera may be a CCD camera to provide high 
resolution and fast response. 

Advantageously, the interferometer may have an 

25 aperture of at least loom. The aperture may be as 

large as 1m, or larger still, as the further image 
production process inherently rejects the underlying 
imperfections in the inter fe r erne ter components. 

30 The advantage of subtracting one image from 

another (i.e. subtracting one intensity distribution 
from another? is that wherever the images are the same 
(tne intensities are tne same) the resultant image 
will show a dark region. 

Generally, increasing the number of fringes in 
tne first interference fringe pattern (i.e. the 
reference interferocraml; increases the detail on the 
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i.mera used cc :apti:re the image and the capacity of 
:e image score used to hold the recoraed image. 

Fmbcdimen t s of the present invention v;iil now be 



w o i c n * 



Fig. 1 is a schematic oiagram or measurement 
ipparatus m acocrdanoe witn an embodiment of th* 
:resent invention/ incorporating a Xichelson 



image or an interference cringe 



oattern ( mterf erogram; f ormed using the measurement 

2 0 apparatus ci Fig. 1; 

Fig. 2b is a representation of a further image 
obtained using the apparatus cf Fig. I, comprising a 
pattern cf moire fringes; 

Fig. 3a is a digitally subtracted mcire 
25 interfere' cram of gas emerging from, a butane lighter 

obtained using apparatus similar to the embodiment 
shown in Fig . 1 ; 

Fic. 3o is a digitally subtracted moire 
inter ferecram of a gas flame, obtained using apparatus 

3 2 in accordance with the embodiment shown in Fig. 1; 

Fig. 4a is a 2M2 inter feregram produced from 
o r a 1 1 n c i n t e r f e r ome t r v a o o 1 1 e d to a notched 
specimen, with a small deformation added to a highly 
ue f c rm.ee state (one fringe = C.42 microns x- 



4b is a s o eared 3M3 imaoe of the specimen i 
: a , s n o w i n c scram contours at approximately 
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15 
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.^.^raT; r rom tne 
f fie . 5 of hot air flow 



shows a DMS on 
Fresnel lens iroerf erco^eter 
above a soldering iron ; 

Fig. ~f shows an interference f r i n q e pattern 
derived f r on, a grating i n t e r f e r one o e r w ion a w e 1 1 - 
torrecred colligating lens; 

Fig. 3 is an interference fringe pattern showing 
the effect of introducing a poor quality optical 

'he grating interferometer used to 
he pattern of Fig. 7 ; 



ce 



Fig. 9 is an x-s train contour map of a sheared 
and digitally subtracted grating inter ferometry image 
produced using a method in aocordance with an 
embodiment of the present invention; and 

Fig. 10 is a schematic diagram of a Mach- Zehnde r 
interferometer suitable for us in embodiments of the 
present invent ion . 

A method in accordance with a preferred 
embodiment of the present invention includes a process 
whish shall be referred to as Digital moire 
subtraction (DMS!. The interferometer is configured 
with a means of introducing carrier, or tilt fringes 
in the int er f erogram, with the number of fringes 
across the field variable, but within the resolution 
of the image camera and frame store. This can usually 



ce a cc ompr isned oy manua^ adjustment ot a mirror, 
image is captured, digitally stored and used as a 
reference. Subsequently a o c u i r e d i m a a e s are then 
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cor.s:s: 



-p^::£: aberrations 
:nen:s . If the patterns 

changes :r. tne optical patr. Length of one arm of the 
interferometer, caused by formation of a test 
component, perturbations or other optical effects, 
r r i n g e s are generated which represent the c n a n a e s 
only. Detailed analysis of the fringe pattern can be 
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:iy en tne rnoire irterf erogram, for 
^ stepping, phase enwrapping and 
One i mp o r t a n t feature of this 
it operates c n a s i n c 1 e i n t e r f e r o a r a m 



ill L i i- 



rocess or subtracting tne spatial carrier 
patterns of two inter fere grams with a small shift in 
phase between them, the resulting absolute values of 
intensity will oscillate about zero. When rectified 
tne frequency of the pattern is double that of the 
carrier. This property improves the discrimination of 
tne moire fringe pattern ever the carrier compared 
with alternative processing techniques, such as 
addition where the carrier frequency is preserved. 

An on-line image subtraction facility is a 
standard feature of most image processing scftware. 
Since the subtraction computation is trivial, it can 



uso.a v e a almost 



be perrormec and the result 
continuous! v m real-time. 

T n e DM 5 approach has been assessed on a n umb e r of 
optical systems with a view to demonstrating its 
potential. Applying e m.b o c i m e n t s o f the inventive 
method to conventicnai Xicheisen inter ferometrv (see 
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r mechanic: 



in aaaiticr\ tnere are o t n e r teauures w n ion e p. nan:e t n * 
range of measurements. 

Measurement apparatus in accordance with an 
embodiment of the present invention, incorporating a 
Micnelson interferometer 1 is shown in schematic form 
i n z i g u r e i . W 1 1 n an aperture of 6 j mm s o u are, it 
comprises: 2 plane-convex borosilicate crown glass 
lenses ( L i , L 2 ; , one semi-transparent be a mi solitter 
(53) and 2 fully reflecting mirrors (Mi, M2 ) . The 
mirrors are i rc n t - s u r faced , but coated on standard 
quality 2mm ficat glass. The numerous self-fringes 
produced by front and rear surface reflections from 
the beam splitter nave been eliminated by converting 
it into a small angle hollow prism, with a sheet of 
uncoated glass for the -opposite window and with the 
prism filled with liquid caraffm. 

Illumination is provided by'' a He-Ne laser, 9 
fitted with a diverging objective at a distance 
approximating to the focal length of the 



interferometer ooiiimating lens (11). T: 



>econc 



: s , at t n e ex: 



or tne sv 



/stem aots as a field lens 



:ne CCD camera used to cao: 



oo the 



inter ferograms . The apparatus is arranged such that 
tne patterns of interference frinoes oroiuced dv the 
interferometer 1 are f o cussed onto the CCD sensing 



f=i : ^ ^ O - 



the came r a . 



.e camera outcuts a 



continuous stream of captured digital images I(; 
an image store 2 is arranged to record an image 
captured at a selected time. 
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between the two reflected beards 



^ c- ; g : I'd / o i m n _ 
e . Briefly, ' 
erence fringes is oy interference 

f r ::r. Ml end K2 f which 
n of one beam 



resuitmc r r c m t n e r n s e r 1 1 c n o e *~ 
or refractive index variation c a u s : 
rcnvective flow, will disturb the v 



- - -* - — ■ * 



for example by 

-e front of this 

p r c c u c ey mterrere nee r r i n g e s . 

re 2(a) shows the distribution c-f 

ted s :■ 1 e 1 y by c n e 

combined errors in the optioal components of the 

interferometer. There are so many fringes present 

that it is net possible to optimise the alignment of 

the system. Moreover, the fringes are si closely 

spaced and contorted as to prevent the a op lie at ion of 

automatic fringe analysis methods. It would not be 

unreasonable to consider that an interferometer 

possessing such gross aberrations would be of little 

or no use as a measurement instrument. 

A tilt was aoolied to ote mirror in order to 
- - / 

produce an even finer pattern, largely free from 
broadly spaced fringes. In a method embodying the 
present invention, this image is captured and then 
digitally subtracted from tne live image. The optical 
errors m the interferometer are thus removed making 
it is sensitive only to the errors of the introduced 
test component. As a test, by introducing an 
additional small tilt (i.e. a tilt in addition to the 



1 ^ 



o a 1 1 e r n ) to one 
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,vas p:::ucec. cj::. s:ra_:r:: arc ur.ifcrT.lv spaced 
inrtces 11 are normally expected or.iv fror an 



: ^7 ^_ Ti L, e r r e r o m e c e r idcsssssipci a ^ i cr n ^ — ~ ^ ^ ~ ~ ~ ^ - *- t- - — - " 
correction. , 

at :he edges of t.te field which is due to the 
geometric cisiortiDn introduced by the CCD camera iers 
an i C2 . This car; be compensated ccticallv bv cn:osina 
a Lens combination that is better corrected, or 

10 mathematically by reference to a look-up table of the 

field distortion. 

Figure 3(a) demonstrates an aoclocaticn of CMS to 
display the induced refractive index distribution of 
unlit gas emerging from a butane lighter and Figure 

15 3 (b) the inter ferogram produced when the gas is 

ignited. Without digital moire subtraction, the subtle 
influences of the gas and flame would have teen 
m sons p icucus when superimposed on the untreated 
inter ferogram . The inventive method mav be used on a 

20 Mach-Zhehnaer interferometer system (see e.c. 3orn 

M.and Wolf F., Principles of Optics, Percamon Press, 
Gxfcrc, 6th ed., 312-314) in the field of convective 
flow. An example of a Mach-Zehnder inter fercmeter, to 
which the inventive method may be applied, is shewn in 

2 5 fig. 10. 

Conventionally this interferometer has symmetric 
optical arms. With CMS, simple and fewer optical 
components can be used and the system can be made non- 
symmetric, with consequent advantages in compactness 
JO and less environmental disturbance effects to the 

reference beam.. 

Che noire inter ferograms of figs 3(a) & 3(b) each 
comprise a pattern of moire fringes 12 visible over 
the carrier interference fringes (at higher spatial 

3 5 f r e o u e n c v ■ Che m c i r e f r i n c e s are not f ~ ^me d b v th° 

interferometer, but instead by the combination of 
direct interference frmce carter ns formed bv the 
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are suitaJoie 



■ r u , c _ r . 



uesigr. c: .Large aperture 

pies of Optics, Fergamcr. Press, 
c - 2 3 1 ; , for measuring optically 



flat surraces, tne main ccmponen: is a stable, high 
quality reference flat from which a second surface can 
Providing the long-term stability of the 
arrangement is preserved, DMS offers a way of 



relaxing tne tolerances on the surface ficure of the 



niat as well as tne auxiliary components, including 
splitting element. 



In an embodiment of the inventive method, a non- 
optimised Fizeau interferometer is initially 
calibrated using a master flat in the measurement 
position. Tilt fringes are introduced into the 
mt e r ferogram wnich is then captured and stored. 
Without further adjustment, the master is removed and 
reclaced with the test comoonent. The master fiat 



image is subtracted and the res; 



e the further 



image comprising moire fringes) represents height 
contours of the component's surface. 

In this way, there is no requirement to keep a 
high quality reference surface in the system, instead, 
the initial reference inter ferogram can be stored 
permanently. However, if there are doubts about the 
stability cf the interferometer, then it may be 
advisable to refresh the master flat moire 
i n t e r f e r c g r a m b v repeating the calibration from t i me 
to time. It is ccssible to envisage that a single 
master flat could be used as an International Standard 
m tne settle t uo cf individual local Ficeau systems. 



a — *r r 



ns , a 
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= reen 5ys:e::. 'see e.g. 3orr v. ana Wolf E., 
.es cf Optics, Pergaxon Press, Oxford, ten eo. 
is appropriate. The symmetric and asymmetr: 

inter fer:gran by respectively translatmc ana rotatir 



t n t 



s i rn i x a r a p p r o a c n to the r 1 1 z e a u method c a ^ c e 
applied in lens testing, where the master fringe 
inter fer :■ gram of a well-corrected lens is stored 
permanently and compared with the test lens. 

Other optical systems, based on non- 
mter f eromet ric principles can be operated as 
interferometers using the DMS method. For example, in 
the examination of air flow and shock waves in wind 
15 tunnel systems the optical arrangement known as 

"Schlieren" is employed. This may be used in 
conjunction with laser illumination and D'ylS to orovide 
the same measurements, but at a greater, 
inter fercme trie sensitivity. 
20 Embodiments cf the inventive method are employed 

in moire or grating inter f eromet ry . 

This sensitive and versatile in-plane deformation 
measurement technique is based in its simplest form on 
a mirror system which is illuminated with an expanded 
25 and collimated laser beam. A well-corrected, 

achromatic lens is usually employed in collimation 
because of its minimal spnerical aberration and the 
crnsequent reduction in the number of initial 
reference fringes. in one system, containing an 
3C expensive, high quality collimating lens and a 

nominally perfect specimen grating, the residual 
fringe pattern represents a potential uncertainty, 
unless compensated, cf 25 microstrain and in most 
applications this would be considered negligible and 
2 5 ignored. Such an u ideal" imoer curbed interference 
fringe pattern is shown m fig 7. 

To test the CMS accroach c n comoensatmc for 
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: ' n u 

'roar of 
lid of 



_ s i o ^ y 



tor rep resented an 



using toe laencical mirror ar.d specimen, but 



oass;: 



- - ^ ♦ 



■earn trirougn one rio tne 
reduced several wavelengths 
o a strain on the specimen which 
tant interference fringe 
c . 



Witn tne piastre lid still on position, applying 
DM3 and introducing a simulated uniform loud, a figure 
similar to Figure 2(c; resulted. The uniformity of 
spacir.? and straightness of the fringes indicated 
again that the interferometer was well corrected and 
the uncertainty of measurement, of the order of +0.1 
of a wavelength, was equivalent to a few microstrain 
5 virtually strain -free field. 

Preferred embodiments o f the present invention 
ere used in the mechanical behaviour .measurement of 
component s . 

in testing components Aha: are subject to high 
levels of strain, hundrecs 'of interference fringes may 
be generated and whose orientations vary greatly. This 
will present problems in applying successfully 
automatic fringe analysis by the traditional approach. 
With DM5, the test i n t e r f e r o g r a m of the nigh strain 
condition can be stored as a new reference, i.e. a 
"snapshot" of the interference fringe pattern can be 
^ -^" r v:::.a: moment i n time, for use as a 

'he interferometer is then reset to 
- 1 1 o n , so that sucseouent seances m 



g - a 
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te5tir 4 c co^Dor.en: 



cear 



su: 



.natec along with y^h- v.i^. _ _ — _ r a _ ^ 

C:her features, such as cisolayinc a whole-field 



: a i n a;stricut:on 



: e s t e u . 



J. *r c: l " 



me n = 



- - ~J - - - ^ 



snows a DM3 
; r f e r o m e t r 



notched specimen 



ana I ysed 



j" c: ^ ^. _L — cr ^ _ O ci 

- ^-^^ displacement state. An 
additional small deformation of distribution, :f 
approximately 1 mioror. is revealed above a non-uniform 

The digital moire interf erograms may : 
by a pro:ess including pnase stepping. 

Depending on the algorithm used, temporal phase 
stepping methods for the automatic analysis of fringe 
patterns reouired the cast ore of three or mere 
inter f erograms in order to calculate the phase 
distribution across the image (see e.g. Creath. K, 
Phase measurement inter ferom.etry techniques, Progress 
in optics, ed. Wolf, E. Chapter 5, Eisivier Sceience, 
3.7. (19SS) . The process is usually performed on the 
test interf ercgram which has to be phase stepped by 
incrementally changing the path length in one arm. of 
the interferometer. Curing stepping, it is usual to 
hold the component m a fixed condition. 

Applying the process to tne analysis of CMS 
i mates, the phase steering process needs to be carried 
out only on the initial reference image. The resulting 
stance d "*"~ ,t ~e v "ferccrs'^s a^e t'^en s u r t ^ a c *~ e d i tu^n 
from, a single tear interferooram, yield mo a set of 
octicallv corrected maces from whioh the eras e 
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errects or gross aoe::5::.cr.s cr tne optical 
components, another advantageous feature of digital 
moire s:;:t racomg is its potential in large aperture 
inter f e r c m e t r v I n a 



^ i_ :;;.iia: v ^ ^ uu / , d : i 



— *~ ^ >- ^ o m e t e ^ 



;ne r i zeau ces icr 



. ^ i : ^ u L 

F 

) = r- p \ : 



rrco simple components. 

5, indicates that two nominally fiat and 



lens 



:i g^ass snoots \ z' ^ f irsj a no a cc ± r rmat in ^ 
san be used to demonstrate the principle of the 
approach. Interference takes place between the 
wavefronts reflected from the rear surface of PI and 
the front surface of ?2 . The sombined wavefronts are 



■e-:ocusseo o v 



o v r n e 



llinatm: lens and directed 



towards the CCC camera 2 via tne beam-splitting glass 
jo 1 a t e ? 3 - Ail the ccmoon^nts are u n coated/ hence the 
intensity of the emergent captured light is low, 
restricted by the combined reflections of 

at eash interface of ?1, P2 and P3. 



ne contrast cc tne inter feroarams anc 



. i m, 1 1 e o coherence r e n g t n o 



-ctmm oetween r - an. 
of fringe contrast. 
Tne dimens ions 



on e H n — N e laser and the 
A gap of approximately 
auseo a marginal degradation 



the ccllirratinc lens define the 
: inter ferometer . Trials with a 
:onve>: Sinolet lens, with a 
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shown ::. r inures 3 ; a ) 



almost 



2CGrmm aperture . 



v t- " ^ j- | 



7 e o r r om a n o v e m e a ■■: 
. i ve ccilima:inq 
an c pi o o i r t c r. bed f' 



as iign t gatnerer; c ve: extreme 



' n e ier.s e x a m x n e a 



- c: *- ^ ,-i 



facing rresnel lenses 2 3 0mr. square and havinc 



an ei receive local length of aocro x i m a 
( f / C . 7 ) . It was not possible to image the 
i n t e r f e r o gram because of the large field angle. T h e 
double lens was separatee and one was mounted, lens 
sice inwaras on a glass plate using silicone rubber. 
5 y rilling the gap with water, the effective focal 
length wis increased to approximately 3 2 0 mm . 

Provisional results snowed that the imaging was 
not symmetric and poorly resolved, but acceptable 
fringe contrast and defmiticn was achieved over an 
aperture of 220mm diameter (Figure 6). Although 



r isicle m the image, the circular 



L x. LLC 



Fresnel lens was net seriously conspicuous. 

Tne trials indicate teat it is feasible to use a 
Fresnel lens m embodiments of the present invention, 
but only where poor image quality can be tolerated. 

In conclusion dicital moire subtraction allows 
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^ a. L -L. c; _ , 



.^^..ic: o^;.av_cur anc other 

possess 
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